This paper investigates the patterns of emission efficiency (value added per emission) growth of 23 manufacturing sectors in 12 European countries with a focus on five emissions (CO2, NOx, NMVOC, SOx and CO). Emission efficiency growth is expected to be triggered by improvements in the efficiency of frontier countries through the diffusion of better technologies to laggard countries. This effect is likely to differ according to the distance from the frontier country. Finally, the role of productivity patterns (Total Factor Productivity) and energy prices dynamics is assessed.
Introduction
A key factor in the attainment of environmental sustainability is the improvement of environmental efficiency of production and consumption ac-tivities. Environmental efficiency improvements at the aggregate (country) level are a combination of structural change, with a shift of production and consumption toward more environmentally friendly sectors and products, and improvements in environmental efficiency within sectors and product categories determined by technological change 1 . In this framework, technological change directed at reducing environmental pressures is characterized by a double externality problem, with improvements in environmental efficiency (reductions in negative externalities) not valued by the markets in absence of specific regulations and with the usual knowledge spillovers (positive externality) that reduce the incentives to innovate (Jaffe et al, 2005) .
The correction of the double externality requires a combination of both environmental and innovation policies to stimulate the introduction and diffusion of more efficient technologies and products. During the last decades, European institutions promoted the convergence to a common EU-wide framework for environmental policies. Among other reasons, highly heterogeneous environmental policies across European countries may induce distortions to competition and strategic uses of environmental policies to favour domestic economic actors. Strategic use of environmental policies could have led to a 'race to the bottom' to the less stringent standard. Moreover, the achievement of environmental sustainability has been identified by the Lisbon Strategy in 2000 both as an objective per se and as a mean of transforming the EU into 'the most competitive and dynamic knowledge-based economy in the world' 2 .
In order to reduce the burden of environmental regulations for producers and consumers and exploit the potential early-mover advantage in environmental technologies, international diffusion of environmental innovations and technologies should be favoured. A harmonized and stable regulatory framework favours more radical (environmental) innovations and the transition to more environmentally efficient production technologies through the adoption of environmental innovations. Lanjouw and Mody (1996) investigate the diffusion of environmental innovations using data on environmental patents and on trade flows in pollution control equipment. They emphasize the importance of both embodied (in pollution control equipment) and disembodied (through international patenting) diffusion of environmental innovations and the relevance of regulatory stringency as driver of diffusion. Popp (2006) investigates the extent to which the rate of patenting in pollution abatement technologies was triggered by the introduction of NOx and SO2 regulations in the US, Japan and Germany, the world's technological leaders. Environmental innovations in these countries respond to both domestic and foreign environmental regulations. An interesting result in Popp (2006) is the need for 'domestic' knowledge even when domestic regulations follow regulations and innovation efforts in other countries. Foreign environmental innovations introduced to reduce compliance costs in early regulator countries, once adopted by 'followers', are not enough and follower countries need to introduce complementary innovations.
Another channel through which environmental efficiency in the technological leader countries and the distance from the leader affect domestic environmental efficiency is related to the diffusion of environmental policies. Lovely and Popp (2011) use data on patented innovations for SO2 and NOx emissions abatement in coal-fired power plants to show the extent to which innovations in countries on the technological frontier induce the introduction of more stringent pollution control policies in other countries. Improvements in the abatement technology obtained in leader countries reduce the abatement costs in other countries thus favouring the diffusion of more stringent environmental standards.
The diffusion of technologies to improve environmental efficiency may also occur within a country through inter-sectoral flows of knowledge (Corradini et al, 2011) . Knowledge flows may occur both by embodiment of more efficient environmental technologies in intermediate goods or capital goods and by pure 'immaterial' knowledge flows.
A final consideration relates to domestic drivers of emission efficiency. Environmental regulation is expected to be a crucial factor in spurring environmental efficiency, especially due to the (pure or impure) public good nature of environmental efficiency improvements. Even though different kinds of environmental regulation are characterized by heterogeneous levels of efficiency in meeting their environmental targets 3 , the effect of environmental policies is in the direction of improving environmental efficiency by definition 4 . Another important 'domestic' driver of emission efficiency is the domestic stock of knowledge in environmental technologies (Carrión-Flores and Innes, 2010) . Domestic actors may strategically invest in environmental innovations to exploit early mover advantages in the world markets for environmental technologies. These strategies could be partly independent of the incentives to reduce compliance costs for domestic environmental policies (Porter and van der Linde, 1995) . The 'side effects' of these innovation strategies may be an autonomous (from environmental policies) improve-3 Environmental regulations can be classified according to various criteria. The most common distinction is between command-and-control regulations, with no reward for overcompliance, and market-based regulations, according to which environmental externalities are priced. A second classification which is relevant in the context of this paper is related to the environmental scope of regulations, that is, the variety of environmental issues targeted by the regulation. Regulations with a wide scope are likely to reduce overall compliance costs for single policy instruments because they exploit the complementarities between the abatement of distinct environmental externalities in a more efficient way.ment of domestic environmental efficiency and the tightening of domestic environmental policies as a consequence of reduced compliance costs. Environmental policies and environmental innovation strategies are generally targeted to very narrow environmental issues, which could limit their effects on specific economic sectors or to specific environmental problems. Moreover, market-based environmental policies such as environmental taxes and emission trading schemes are generally characterized by low values for external costs (taxes) and polluting rights (emission trading schemes), leading to weak inducement effects. This weak inducement has been substantially compensated by the dynamics of energy prices. Due to their pervasiveness (Costantini and Mazzanti, 2010) , with effects on the whole supply chain and on consumers, energy prices have been identified as a crucial driver of energy efficiency (Newell et al, 1999; Popp, 2002) , which is one of the most important components of emission efficiency strategies 5 . The channel through which energy prices are likely to improve energy (and thus emission) efficiency is the classical idea of Hicksian induced innovation, according to which an increase in the relative price of an input triggers innovation aimed at reducing the use (i.e. increasing the efficiency) of that input. Energy price shocks, such as oil shocks in 1973 and 1980, were sources of very significant structural changes in carbon dioxide emissions (Moomaw and Unruh, 1997; Mazzanti and Musolesi, 2010) while regulatory efforts such as the ratification of the Kyoto protocol did not generate significant breaks (Marin and Mazzanti (in press) for Italy). The pervasiveness of energy prices as a driver of emission efficiency also regards the great variety of air emissions affected by changes in energy prices and induced improvements in energy efficiency. On the one hand, high overall prices induce end-use improvements in energy efficiency, with a reduction (or a slow down) of energy production and beneficial effects on the abatement of all types of air emissions. On the other hand, shocks affecting the price of specific fuels will also induce changes in the energy mix, with differentiated effects on different types of emissions.
To sum up, this paper aims to find evidence for the following research questions:
• what are the drivers of sectoral emission efficiency growth in Europe?
• to what extent do improvements in emission efficiency in the technological frontier spread to laggard countries? What is the role of the emission efficiency gap?
• do energy prices dynamics affect emission efficiency growth? Does 5 The link between energy efficiency and emission efficiency is very strict for CO2 emissions because, differently from other air pollutant, they cannot be easily abated by means of filters or, more generally, end-of-pipe equipment. Moreover, in addition to aggregate energy price indexes, the relative price of different fossil fuels is likely to substantially affect the environmental effect of energy price patterns due to changes in the fuel mix.
this inducement change according to the distance from the emission efficiency frontier?
• do productivity (total factor productivity) growth and gap affect the pattern of emission efficiency?
• are there systematic differences between different types of emissions?
The paper is organized as follows. Section 2 discusses the empirical model used to investigate the drivers of sectoral emission efficiency, section 3 describes data sources, section 4 discusses the most relevant results and section 5 concludes.
Model
In order to investigate the drivers of emission efficiency improvements and the patterns of emission efficiency diffusion I use an adapted version of a quite standard empirical framework to account for productivity growth at the industry level. The general idea 6 is that productivity level (total factor productivity -TFP -in early applications of the model) is an ARDL(1,1) 7 process which is cointegrated with the level of TFP of the technological frontier. Under the assumption of long run homogeneity, TFP growth is described by the following equation:
Productivity growth in country c, sector s and year t is positively related to the growth in the technological frontier country F and to the distance from the technological frontier. The rationale is that improvements in productivity in the most productive countries (technological frontier) enlarge the production possibility set (Nicoletti and Scarpetta, 2003) allowing laggard countries to improve their own productivity. Moreover, conditional on that effect, the distance from the technological frontier (technological gap) is expected to positively affect productivity growth. The idea is that the greater the distance from the frontier, the greater the marginal returns of adopting new technologies. A positive β 2 will result in a decreasing speed of convergence the closer a sector is to the frontier.
This basic model was employed in several OECD studies to investigate the effect of innovation, labour market institutions (Scarpetta and Tressel, 2002) , product market competition and anticompetitive regulations (Nicoletti and Scarpetta, 2003) on productivity growth.
In the current paper I adapt this model to estimate improvements (if any) of sectoral emission efficiency. Emission efficiency growth (expressed in terms of value added per unit of emission) is a function of emission efficiency growth in the frontier country and of the gap in emission efficiency from the frontier country. Growth of emission efficiency 'at the frontier' is expected to induce improvements in all countries due to the (partial) international diffusion of new, more efficient technologies. Diffusion may take place through various channels: embodiment in capital goods, imitation or disembodied transfer (e.g. patent licensing).
Moreover, I expect overall (economic) production technology to play a role in emission efficiency growth. The idea is that a technology that improve 'economic' productivity (i.e. greater value added for the same amount of inputs) will also result in a (either intended or not) increase in 'environmental' efficiency. To account for this effect I add TFP growth (both in the country and in the frontier) and the technological gap in terms of TFP as covariates. I expect domestic TFP growth to positively positively emission efficiency. Both Mazzanti and Zoboli (2009) and Marin and Mazzanti (in press) consider the relationship between labour productivity and emission efficiency for Italian sectors, testing for non-linearities. Depending on the indicator for emission efficiency (emission per value added in Mazzanti and Zoboli (2009) and emission per labour unit in Marin and Mazzanti (in press) 8 ), they find either weak (emission per labour) or moderate (emission per value added) complementarity between emission efficiency and labour productivity, with the magnitude being specific to both emission type and macro-sector. Cole et al (2005) use a more structured empirical model to assess the role of industrial characteristics and environmental regulation in determining the level of sectoral air pollution for the UK. Among other regressors, they consider the effect of total factor productivity on air emissions, finding a negative (increased emission efficiency) significant effect in most of the specifications. These results highlight the potential complementarities between economic (productivity) and environmental (efficiency) performance, at least at the sector level.
In addition to this direct effect, being distant from the technological leader could be an indication of general technological laggardness of the sector, with potential negative effects on both economic and environmental 8 In a log-linear setting, it is possible to evaluate the relationship between estimates using emission per labour (E/L) and estimates using emission per value added (E/VA). The log-linear relationship between emission per value added and labour productivity (VA/L) is given by E/VA = (VA/L) β . By multiplying both sides by VA/L and rearranging, the relationship becomes E/L = (VA/L) β+1 , which means that, by construction, the coefficient in a log-linear setting using E/L as emission efficiency indicator is exactly equal to the coefficient when using E/VA as emission efficiency indicator plus one.
performance. Finally, TFP growth in the frontier country is included in order to account for the dynamics of the state of the technology of a sector.
To conclude, I investigate the effect of country-wide industry energy prices dynamics on emission efficiency. Following the approach of Scarpetta and Tressel (2002) and Nicoletti and Scarpetta (2003) , whose focus is on product market regulations, I assume the inducement effect of energy prices on emission efficiency to change with the distance from the emission efficiency frontier. The idea is that very inefficient countries suffer more in terms of additional production costs than efficient countries because of a given increase in energy prices due to their greater energy (and thus emission) intensity of production. This potential higher costs is likely to amplify the inducement effect of energy prices on laggard countries.
The empirical model used here is described by the following equation:
where △ log(VA c,s,t /E c,s,t ) represents the relative change in sectoral emission efficiency, △ log(VA F,s,t /E F,s,t ) is the relative change in sectoral emission efficiency in the frontier country, gap log(VA c,s,t−1 /E c,s,t−1 ) is the distance of sector s in country c from the emission efficiency frontier, △ log(TFP c,s,t ) is TFP growth, △ log(TFP F,s,t ) is TFP growth in the frontier country, gap log(TFP c,s,t−1 ) is the gap from the TFP frontier, △ener prices c,t−1 is the relative change in industrial energy prices and η c , γ s and δ t are, respectively, country, sector and year dummies.
All estimates have been performed using OLS regressions, with standard errors clustered by sector and country.
Data
I use sectoral data at the 2-digit NACE level covering 23 manufacturing sectors in 13 European countries (Austria, Belgium, Czech Republic, Germany, Denmark, Spain, Finland, France, Italy, the Netherlands, Norway, Sweden and the UK) over 12 years (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . The selection of countries is based on the availability of relevant data and by trying to include all large countries which are likely to be among the technological leaders of Europe. Some EU15 country have been excluded due to the very limited data coverage (Luxemburg, Portugal, Greece and Ireland). The choice to include Norway (which is not part of the European Union) is motivated by the fact that it is likely to belong to the group of technological leaders both in productivity and emissions efficiency and by the fact that Norway, through its membership of the European Environment Agency, partly shares the environmental regulatory framework of EU countries 9 . Moreover, the only country I included among those which joined the EU in 2004 is Czech Republic 10 because no other country had a satisfactory data coverage. A final consideration is needed concerning the focus on Europe only. Although many European countries are included in the group of technological leaders (both in terms of productivity and environmental efficiency), in many fields, the European technological frontier does not always coincide with the global technological frontier. In addition to Western European countries, the US, Canada, Japan, Australia and South Korea were found to be among the technological leaders (at least third in the ranking) by Scarpetta and Tressel (2002) based on TFP. The absence of these countries is likely to downward bias the relative gap from the frontier (either technological or for emission efficiency) and reduce the reliability of estimated improvements of the TFP and emission efficiency frontiers.
Data on value added, employment and gross fixed capital formation come from Eurostat and the OECD STAN (Structural Analysis) database. Missing values in the OECD STAN database were filled with data from EU-ROSTAT. Value added (in Euro) was deflated to 2000 prices according to country-specific deflators for manufacturing 11 . In the version of the results reported in the current paper, no PPP (Purchasing Power Parity) adjustment was performed 12 .
The capital stock variable, needed to obtain TFP estimates, was built by using the perpetual inventory method. Data on capital stock in OECD STAN has several missing values as well as the variable 'gross fixed capital formation' in constant prices. I use gross fixed capital formation (GFCF) in current prices, deflated with country-specific manufacturing deflators. The initial (1980, when available, or the first year of the series of sectoral gross fixed capital formation) fixed capital stock (K) for sector s and country c was set to:
where g is the average growth rate (set to zero when negative) of GFCF in the first 5 years of the series and δ is the depreciation rate (set to 0.04). For t > 0, the fixed capital stock was computed according to the following equation:
Data on labour input refers to simple employees count (OECD STAN). This is an imperfect measure of labour input because there is no adjustment for full-time / part-time employees and for the actual number of hours worked. However, country coverage and reliability of employees count was much greater than measures of total hours worked or full-time equivalent estimates. Robustness checks were performed on a sub-sample with information on hours worked and full time equivalent estimates: no relevant difference was found 13 .
Data on sectoral air emission come from the Eurostat NAMEA (National Accounting Matrix including Environmental Accounts) database. By construction, environmental pressures reported in NAMEA are consistent with the full set of national economic accounts because they use the same definitions and classifications as national accounts. The main advantage of NAMEA relative to standard environmental statistics is the direct link between environmental externalities and economic aggregates, based on the residential principle (environmental pressures by resident units only) and on the consideration of anthropogenic sources only (emissions from natural sources such as volcanos are excluded). Moreover, the European NAMEA currently covers a remarkable variety of air emissions. Here I focus on air emissions of carbon dioxide (CO2), sulphur oxides (SOx), nitrogen oxides (NOx), non-methane volatile organic compounds (NMVOC) and carbon monoxide (CO). The main source of all emissions is the combustion of fossil fuels 14 . For additional information on the features of these emissions refer to Appendix A.
Finally, data on energy price come from IEA and they describe yearly relative changes in the price index of energy inputs for the industrial sector.
In order to obtain a rough estimate of the level of the production technology, I compute an approximate measure of total factor productivity (TFP henceforth). TFP has been estimated as the residual of a constant returns to 13 Pairwise correlation among employees count, hours worked and full-time equivalent estimates is slightly above 99.5 percent.
14 Other relevant sources of NMVOC emissions are paintings, solvents and coatings. scale Cobb-Douglas production function, with value added as output measure and capital stock and labour (employees count) as inputs. The sum of the labour and capital coefficients was constrained to be 1 (constant returns to scale) and year and sector dummies were included in order to control for sector-specific technologies and Europe-wide shocks. The estimated labour share, corresponding to the elasticity of value added with respect to labour under the assumption of perfect competition, is 61.5 percent. Alternative measures of TFP 15 were employed with very small changes in the results. This data potentially relies 3588 observations. Despite ad hoc adjustment, some missing values remain 16 . Moreover, I excluded both outlier observations (labour productivity growth or reduction greater than 50 percent) and small sectors (the first percentile of sectors in terms of manufacturing value added or employment) to avoid potentially great measurement errors in sector representing a negligible share of an economy. Measurement errors may depend on the fact that a very small sector could include secondary activities only, with little or misleading information on the true state of the technology and on emission efficiency of the sector in a specific country. Figure 1 shows the distribution of percentage gaps in both TFP and environmental efficiency (value added per unit of emissions). Interestingly, environmentally efficiency is much more dispersed than productivity with still great potentials for laggard countries and sectors to converge towards more environmentally efficient technologies. The lack of convergence depends on the 'external' nature of the benefits arising from environmental efficiency improvements as opposed to standard TFP improvements. The gap is relatively small for CO2 and NOx emission efficiency while it is relevant for CO, SOx and NMVOC emission efficiency. This may seem a quite surprising result, given that local pollutants are regulated more strictly than CO2 emissions at European level, with potential greater homogeneity. However, pollutants are generally reduced with end-of-pipe technology which represent a pure cost for polluting firms while carbon dioxide emissions are very strongly correlated to energy use. The generally lower gap in CO2 efficiency could be the result of its strict correlation with energy use which is characterized by a substantial component of private benefit relative to pollutant emissions.
Descriptive statistics for relevant variables are reported in table 1.
Results
For all emissions, I report results for various versions of the baseline model, from the simplest version with no role for energy prices and TFP to the most complete version including energy prices and TFP. Results for the full sample of manufacturing sectors are reported in tables 2-6. A first remarkable result is the positive effect of emission efficiency improvements in the frontier country on domestic sectoral emission efficiency growth. This result is robust in all specifications and for all emissions, its magnitude ranging from an elasticity of 0.03-0.04 for CO2 emissions to an elasticity of 0.09-0.1 for SOx emissions. As expected, improvements in environmental efficiency at the frontier spill over to laggard countries with a beneficial effect on their emission efficiency growth. These positive spillovers may occur as a consequence of the diffusion of more environmental efficient technologies from 'frontier' countries and sectors to laggard countries and sectors. The distance from the frontier country in terms of emission efficiency affects 17 domestic emission efficiency growth positively and significantly for all emissions except NMVOC. This generally positive effect is a clear evidence of (beta) convergence in emission efficiency of laggard countries towards the emission efficiency frontier, with the speed of convergence being greater for countries and sectors with the biggest gap. It is evident from figure 1 that there are huge potentials of convergence in emission efficiency performance. However, it is clear that to accelerate the rate of convergence there is a need for further harmonization of environmental policies across countries and additional effort made to promote the diffusion of efficient technologies. The negative effect of the efficiency gap for NMVOC is small in magnitude and insignificant when including either country fixed effects or TFP growth (domestic and frontier country) and gap. Unlike other types of emission, NMVOC emission efficiency is not characterized by convergence patterns.
The coefficient for the change in energy prices (β 6 ) describes the effect of prices on emission efficiency growth as if the sector was the technological leader whereas the actual effect of prices is given by β 6 + β 7 × gap log(VA c,s,t−1 /E c,s,t−1 ). The effect on frontier sectors is always positive although it is significant for NMVOC and CO emissions only. The interaction term, on the other hand, is positive for CO2, NOx and SOx (weakly significant for CO2, significant for NOx and not significant for SOx) and negative for NMVOC (though not significant) and CO (significant). A positive effect means that the effect of energy price changes on emission efficiency growth is increasing in the gap in emission efficiency from the frontier country, making laggards countries more sensitive to price changes than frontier countries. When computing marginal effects, the effect of energy prices for CO2, NOx and SOx increases with distance from the frontier. The overall effect of energy prices turns out to be positive and significant (10 percent of significnce already at the first quartile of emission efficiency gap). For these emissions, energy prices trigger significant improvement in laggard countries while the emission efficiency frontier is not significantly affected.
On the contrary, the marginal effect of energy prices decreases in the emission efficiency gap for NMVOC and CO emissions even though it is still strongly significant at the 90 percentile of the emission efficiency gap. In these cases, energy prices dynamics generates a stronger incentive for sectors that are close to the emission efficiency frontier than for laggard sectors. A possible explanation for the opposite results relative to CO2, NOx and SOx regarding the effect of energy prices may be related to opposite patterns of environmental technological change for laggards and frontier sectors. On the one hand, laggard sectors seem to focus on the improvement of energy efficiency (strongly correlated with CO2 efficiency) and on the abatement of more 'classical' pollutants such as SOx and NOx. On the other hand, sectors lying close to the emission efficiency frontier seem to be characterized Standard errors in parentheses; * p< 0.1, ** p< 0.05, *** p< 0.01 by fewer energy inefficiencies (and, consequently, higher marginal costs to improve energy efficiency) and by higher marginal costs for the abatement of classical pollutants due to the long tradition of stringent environmental standards. The inclusion of productivity measures (total factor productivity TFP growth in the sector and in the frontier country and TFP gap from the frontier) in the last two columns does not affect substantially the estimates of other parameters. However, considering TFP has the consequence of improving substantially the goodness of fit (R squared) 18 . As expected, the relationship between sectoral TFP growth and emission efficiency growth is positive and strongly significant, with coefficients varying from a minimum of 0.86 (SOx without country fixed effects) to 1.04 (CO without country fixed effects). This means that an increase in TFP translates into a very similar increase in emission efficiency conditional on other covariates. This very robust result highlights the strong complementarity between economic productivity and environmental efficiency. The effect of TFP growth in the frontier country has a generally negative effect on emission efficiency growth, with the coefficient being statistically significant just for CO2 (5 percent), NOx (5 percent) and CO (10 percent only when including country fixed effects, insignificant otherwise). The insignificant or negative effect of TFP growth in the frontier country may suggest that frontier technological change is not explicitly directed to improve emission efficiency and, in some cases, there is a weak evidence of 'emission-intensive' technical change. Finally, the gap in TFP from the frontier country negatively and significantly affects emission efficiency growth in all cases. The existence of a negative effect of TFP gap further stresses the complementarity links between economic and environmental performance, especially since differences in emission efficiency were already accounted for. As stated in the previous section, results employing alternative measures of TFP or using labour productivity give rise to qualitatively very similar estimates. Some considerations on year, sector and country fixed effects are needed. Year and country dummies are jointly strongly significant in all specifications and for all emissions. Significant Europe-wide time dummies possibly highlight the relevance of regulatory efforts at the European level affecting all countries.
Sector dummies, on the contrary, are not jointly significant for both for CO2 and NOx estimates, highlighting quite uniform efficiency patterns among sectors within countries for these types of emissions. On the contrary, they are jointly strongly significant for SOx, NMVOC and CO, highlighting heterogeneous patterns of emission efficiency potentially driven by sectorspecific environmental regulations.
Country dummies are jointly strongly significant in all cases, stressing the great heterogeneity of environmental efficiency and highlighting the relevance of systematic differences among countries in emission efficiency dynamics even after controlling for the gap in environmental efficiency and productivity.
Results reported in the paper do not change substantially when performing some simple robustness checks. The inclusion of outliers or small sectors does not influence either the magnitude or the significance of estimated coefficients. The use of more aggregate sector information, for example at Standard errors in parentheses; * p< 0.1, ** p< 0.05, *** p< 0.01 the level of subsection NACE with 14 manufacturing sectors, reduces the significance of many coefficients but the magnitude does not change 19 . When removing specific countries or sectors (one by one) the magnitude of estimated coefficients does not change substantially even if significance is generally lower. Finally, tests on the presence of structural breaks in estimated coefficients were performed 20 . No significant structural break was found for CO2 and NMVOC emissions. Statistically significant breaks were found for NOx (1998 and 2000) , SOx (2005) and CO (1999 CO ( , 2001 CO ( , 2002 CO ( and 2005 even though just three of them were significant at the 1 percent level (NOx 2000 , SOx 2005 and CO 1999 .
Tables 7-10 report estimates for sub-samples of sectors: sectors covered by the ETS 21 (Emission Trading System for carbon dioxide emissions, introduced in 2005) or not, medium-high technology and medium-low technology 19 The level of aggregation of sectoral data is always a relevant issues when dealing with indicators of environmental efficiency. An improvement in emission efficiency could simply be the result of the changing composition of sectors within the considered macro-sector (e.g. 2-digit) towards more emission efficient sub-sectors (e.g. 4-digit). The observed improvement may thus occur even in absence of any change in the production or abatement technology of the sectors. The reader should always consider this caveat when interpreting the results.
20 I performed a Chow test by interacting a dummy variable identifying a specific time period with all covariates in the model described by equation 2. The test (a simple F test) is performed by assuming, under the null hypothesis, that the parameters of all interaction terms are jointly equal to zero, thus indicating no structural break.
21 The European ETS for carbon dioxide emissions covers plants operating in the following 2-digit NACE Rev 1.1 sectors: 21 (pulp, paper and paper products), 23 (coke, refined petroleum products and nuclear fuel), 26 (other non-metallic mineral products), 27 (basic metals) and 28 (fabricated metal products, except machinery and equipment). (table 7) tend to be quite volatile, with very low significance for most covariates except TFP growth. The reduced significance may depend on the small size of the sample (less than one fourth of the full sample). Comparing the magnitude of estimated coefficients with baseline estimates, the effect of emission efficiency growth at the frontier is similar to the full sample while the gap in terms of emission efficiency has a systematically lower effect, with very small and always insignificant coefficients. This results underlines a weak tendency to converge of ETS sectors.
With the only exception of SOx estimates, the effect of energy prices (both direct and conditional on the emission efficiency gap) is much lower than the effect for the full sample. This weak responsiveness to price signals is very relevant in the choice of an effective and efficient policy tool to limit air emissions. A cap and trade system such as the European ETS seems more appropriate than a tax on emissions to effectively reduce air emissions of these sectors. By setting quantitative aggregate targets, cap and trade systems ensure the effectiveness of the policy leaving some uncertainty on the overall cost of compliance. On the contrary, non-ETS sectors (table 8) are characterized by more robust results. Sectors characterized with a relevant gap from the emission efficiency frontier grow significantly faster for all emissions while being far from the productivity frontier affects negatively and significantly emission efficiency growth. Moreover, non-ETS sectors tend to be more responsive to energy prices than ETS sectors. The comparison of medium-high technology sectors (table 9) with mediumlow technology sectors (table 10) allows to underline systematic differences in the determinants of emission efficiency growth. Growth at the frontier is more relevant for medium-low than for medium-high technology sectors (with the only exception of NMVOC emissions). Medium-low technology sectors seem to rely on environmentally efficient technologies developed abroad to a greater extent than medium-high technology sectors, for which the development of domestic technologies seems to prevail. Despite that, convergence is faster in medium-high technology sectors due to a stronger positive effect of the emission efficiency gap. On the contrary, productivity gap (in terms of TFP) is more detrimental for emission efficiency growth in medium-high sectors than in medium-low technology sectors, highlighting a stricter link between economic and environmental performance in mediumhigh technology sectors. Finally, evidence for energy prices is more mixed, with emission-specific differences (in magnitude and significance but not in signs) between medium-high and medium-low technology sectors.
To conclude, I report estimates including the lag of emission efficiency growth to account for dynamic adjustments (table 11) . Results were obtained by applying the system GMM estimator (Blundell and Bond, 1998) . Results were very similar in magnitude and significance to baseline estimates. The coefficient for the lagged dependent variable is significantly negative for CO2, NOx and SOx and insignificant for NMVOC (positive) and CO (negative) . This means that the dynamic adjustment of emission efficiency growth is not smooth and, on average, occurs by means of accelerations followed by slowdowns. While most covariates show very similar effect to baseline static estimates, a remarkable systematic difference regards Standard errors in parentheses; * p< 0.1, ** p< 0.05, *** p< 0.01 the estimated coefficients for the emission efficiency gap that increase substantially for all emissions. Finally, it is worth discussing some specification test on system GMM estimates. The Arellano-Bond test for second order autocorrelation of residuals accepts the null hypothesis of absence of second order autocorrelation for CO2, NMVOC and CO while the null hypothesis cannot be accepted for NOx and SOx. The Hansen test of joint validity of instruments rejects the null hypothesis of weak instruments at the 1% level of significance for SOx emissions only (the null hypothesis is rejected at the 10% level of significance for NOx and CO), with both exogenous independent variables (IV) and lags of the dependent variable (GMM) being invalid instruments. Exogenous independent variables are invalid instruments also for NOx emissions. Finally, the difference-in-Hansen test generally shows that instruments were exogenous, the only remarkable exception being exogenous independent variables for SOx and CO emissions (the null hypothesis of exogeneity is rejected at the 5% level of significance).
Concluding remarks
This paper investigates the dynamics of sectoral emission efficiency in a selection of European countries. International diffusion of more efficient environmental technologies, distance from the technological frontier, energy prices and economic productivity patterns are found to be important drivers of emission efficiency growth in manufacturing sectors.
Results highlight the importance of the diffusion of more environmentally efficient production technologies from leader countries to laggards. However, the channels through which the diffusion occurs are not investigated directly. The convergence of emission efficiency towards the frontier is faster for countries and sectors with a greater efficiency gap, probably showing evidence of increasing marginal costs of abatement. Energy prices dynamics has a positive effect on emission efficiency and the effect is decreasing in the emission efficiency gap for CO and NMVOC emission efficiency growth while it is significant only for laggard sectors (and increasing in the emission efficiency gap) for CO2, NOx and SOx emission efficiency growth. Moreover, there is a very robust evidence of complementarity between emission efficiency and economic productivity (here measured with TFP). Finally, the homogeneity of estimates across different types of air emissions is quite surprising, especially in the presence of moderate pairwise correlation between emission efficiency growth rates 23 . Based on the evidence discussed in this paper concerning the international diffusion of emission efficiency, further research is needed to investigate the way through which sectors in laggard countries take advantage of emission efficiency improvements occurring in the frontier countries. As discussed in the introduction, the diffusion of environmental technologies leading to improvement in emission efficiency may be triggered by a variety of factors. The assessment of the contribution to the diffusion of environmental technologies of these factors is crucial to identifying the optimal policy mix. Finally, it is worth combining patterns of international diffusion with patterns of cross-sectoral diffusion within the same country (Corradini et al, 2011) in a comprehensive framework to obtain a more complete 
A Air emission features
Emissions differ substantially as regards the 'external cost' they produce. Carbon dioxide emissions have no direct effect on health and on local communities whereas they contribute to the greenhouse effect and global climate change. On the contrary, other emissions (NOx, SOx, NMVOC and CO) have serious effects on health and damage the environment at the local level through acidification (NOx and SOx), ozone depletion (NOx), eutrophication (NOx) and tropospheric ozone formation (CO and NOx). These difference resulted in different timing and characteristics of national or supra-national regulations. Pollutant emissions have been regulated at the European level since the mid 80s through a series of Directives which have eased the harmonization of national policies. Among others, consider the following directives aimed at regulating pollution. The Sulphur Dioxide Air Pollution Directive, approved in 1980 Directive, approved in (1980 
